Abstract The gas phase nucleation process of anatase TiO2 in atmospheric non-thermal plasma enhanced chemical vapor deposition is studied. The particles synthesized in the plasma gas phase at different power density were collected outside of the reactor. The structure of the collected particles has been investigated by field scanning electron microscope (FESEM), X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED). The analysis shows that uniform crystalline nuclei with average size of several nanometers have been formed in the scale of micro second through this reactive atmospheric plasma gas process. The crystallinity of the nanoparticles increases with power density. The high density of crystalline nanonuclei in the plasma gas phase and the low gas temperature are beneficial to the fast deposition of the 3D porous anatase TiO2 film.
Introduction
Titanium dioxide (TiO 2 ) has long been widely used as pigment [1] , sunscreen [2, 3] , toothpaste [4] and biomedical materials, etc. Since the strong photoinduced oxidation of TiO 2 , the water splitting and photo-voltaic conversion effect under the radiation of ultraviolet light have been found [5−7] , the photocatalysis of TiO 2 has been extensively investigated. A lot of physical and chemical methods have been tried to tailor its size, crystal phase, crystallinity, crystalline orientation, composition and to improve its photocatalysis. For practical applications in gas sensors [8] , dye-sensitized solar cells (DSSCs) [9, 10] , capacitor electrodes and self-cleaning coatings [11] , three dimensional (3D) nano-structured TiO 2 film are more preferred with their advantages in the high porosity, large specific surface area, exposing high energy facets, reduced light reflection and improved reusability.
Plasma enhanced chemical vapor deposition (PECVD) [12, 13] has demonstrated a much effective method in micro/nanostructure materials and film device fabrication [14, 15] . It can provide a unique film deposition environment with charged particles and excited neutrals in it, making it different from the ordinary solid, liquid or gas phase deposition. The super-saturation critical point for film deposition is much more easily satisfied for its low substrate temperature and high density of precursor species. Atmospheric plasma enhanced chemical vapor deposition (APECVD) of nanostrutured film has been paid much attention in recent years [16−20] as a scalable industry fabrication processe for functional devices based on nano-materials. Firstly, without the vacuum chamber and system, it will save a lot of cost in equipment investment and maintenance, and it is a feasible rollto-roll online process. Secondly, chemical synthesis process could proceed because electron temperature (T e ) could be kept at a few eV and high collision frequency with active radicals could be reached during thin film deposition. Thirdly, the energy of ions is dispersive in the atmospheric pressure glow discharge, and * supported by National Natural Science Foundation of China (Nos. 10835004, 10775031 and 11375042), Shanghai Municipal Committee of Science and Technology of China (10XD1400100), Outstanding Young Investigator Award (No. 11005017) the bombarding is reduced to an acceptable level [21] . However, much challenge still exists in the development of APECVD for 3D nanostructured films. One is that a lot of necessary chemical kinetic parameters are limited in this complex APECVD system. Another is that the diagnostic in low pressure plasma is no longer effective in APECVD. Most of the research has to be done traced back on the film structure and property. Little research work has been reported for the kinetics of the plasma gas phase with the TiO 2 nanostructured films.
In our previous work [22] , an atmospheric nonthermal plasma enhanced chemical vapor deposition system had been developed and 3D nanostructured anantase TiO 2 films had been successfully obtained. The 3D anatase TiO 2 films displayed a unique 3D surface topography, an efficient photocatalysis and a good adhesion strength to the substrate. In this paper, the same Ar/O 2 /TiCl 4 APECVD plasma system was used to investigate the gas phase particle formation and nucleation process. The particles synthesized in the plasma gas phase were collected outside the reactor in room temperature. The particle structure and property were analyzed through TEM, XRD, HRTEM. The effects of the discharge power density and the residence time on the gas phase nucleation of the particles were investigated. The relationship of the gas phase nucleation of the particles and the morphology of the 3D anatase TiO 2 films was discussed to increase the understanding of film deposition kinetic process.
Experimental setup
The experimental setup is displayed in Fig. 1 . The generator is made up of a double-dielectric barrier discharge (DDBD) quartz tube [23] , a cylindrical electrode inside and an annular electrode outside. RF power (13.56 MHz, RF-10S/PWT) is supplied to the inner electrode via a matching box (RFPP, AM-10). The plasma gas phase synthesis and the film deposition proceed in the plasma reaction zone covered by the external electrode. The discharge gap was fixed at 0.85 mm. When we fixed the external width and changed the discharge power, the discharge power density was changed. The particles synthesized in the plasma reaction zone were collected outside the reactor. There is a great gas temperature difference along the reactor. The temperature is measured by a thermocouple and respectively to be 680 K inside the electrodes and 300 K at the silicon substrate (20 mm apart from the electrode edge). Because there is no electron impact and the temperature gradient is great outside of the plasma reaction zone, influence of the plasma on the particle growth and nucleation outside of the electrode is reasonably omitted.
The supply gas is argon buffer gas flowing at 450 sccm, oxygen reaction gas flowing at 15 sccm, TiCl 4 reaction gas bubbling by argon flowing at 6 sccm, controlled by mass flow controllers. The temperature of TiCl 4 container and tube was kept at 30
• C by a heating belt for avoiding the cooling of TiCl 4 . The flow rate of TiCl 4 is calculated to be 0.12 sccm in this case.
Both the waveform of the applied voltage and current of the discharge are sinusoidal and the phase of the current leads ahead of the voltage, indicating the capacitive coupling glow discharge of the plasma. The peak value of applied voltage and current increased as the discharge power increased. By analyzing the optical emission spectra of the Ar/O 2 /TiCl 4 atmospheric plasma, the electron energy was calculated to be about 1.7-2.0 eV [24] (at the discharge power of 60-120 W). This uniform RF glow discharge with enough electron energy and low gas temperature are very benefit for the deposition of TiO 2 crystalline films. The structure and property of the deposited film and the particles were analyzed through scanning electron microscopy (SEM, JSM-5600LV, JEOL, Japan), X-ray diffraction (XRD, D/max-2550 PC, Rigaku, Japan) and transmission electron microscope (TEM, JEM-2100F, JEOL, Japan) respectively.
3 Results and discussions
Morphology
As shown in Fig. 1 , the precursor mixture of Ar, O 2 and TiCl 4 is continuously transported into the reaction chamber and dissociation, ionization or particle formation process is driven by plasma. As explained in the experimental section, the effect of plasma on the nucleation and crystallization of the synthesis product in the traveling process from the plasma reaction zone to the silicon substrate is reasonably omitted because there is no electron impact and the temperature gradient is great outside of the plasma reaction zone. Fig. 2 shows the FE-SEM and HR-TEM pictures of the product collected on the silicon wafer at different plasma power densities. When changing the discharge power density, the width of the external electrode was kept at 20 mm and the residence time was kept at 37 ms. As displayed in Fig. 2(a), (b) and (c), network depositions were obtained on the silicon wafer.
The morphology and porosity of the collected product were totally different from the films we deposited in the plasma zone [22] . From Fig. 2(d) , (e), (f), it is shown that the network is composed of very fine uniform nanoparticles with the average size of about 7 nm. Homogeneous nucleation happens during the plasma gas phase reaction. As the power density increased, the particle characteristics and the porosity became more obvious. The fine nanoparticle size was kept at about the same size, but the shape became more regular. 
Crystal structure
X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) are used to investigate the crystal structure of the nanoparticles.
The XRD patterns of the particles were shown in Fig. 3(a), (b) , (c) and the TiO 2 PDF cards for anatase phase (dotted line) were inset to show the comparison.
From Fig. 3(c) , it is shown that the XRD peaks present at 2θ=25.3
• , 48.1 • and 55.2
• , which correspond well to the pure anatase phase, having the orientations of {101}, {200} and {211}, it displayed that the powdery product obtained at 80 W already crystallized into anatase phase. As shown in Fig. 3(a) and (b) , the XRD spectra of the depositions synthesized at 60 W and 70 W show the same three obvious anatase peaks, but the intensities are not as strong as that in Fig. 3(c) . Simulation according to the XRD band width and intensity was done through X'Pert High Score Pius and the results show that the degree of crystallinity of the powdery product increased as the power density increased, as shown in Fig. 3(d) . The images of the deposition at different power densities in Fig. 2 are shown in Fig. 4 and their SAED images are shown in the inset of Fig. 4 . The facets of {101} and {200} could be distinguished obviously from the HRTEM images in Fig. 4(a)-(c) . The electron diffraction patterns are a set of typical anatase polycrystalline diffraction rings and its intensity increased when the power density increased. The HRTEM images and SAED results correspond well with the XRD experiment results and show that the depositions are partly crystallized and the crystals are pure anatase phase and the crystallinity degree can be controlled through the discharge power density.
Discussions
The film deposition in plasma reaction zone includes a lot of gas phase and surface processes. When a kind of precursor enters into the plasma, it will undergo an excitation, dissociation or ionization process under the impact of energetic electrons and transform into active species such as excited state neutrals, free radicals, ions in plasma gas phase. When the active species collide and react with each other, a homogeneous reaction usually happens in plasma gas phase. With the increase of the plasma power or pressure, the gas reaction rate increases and a lot of dust or particulates are produced in the plasma gas phase. The plasma deposition process will involve the surface chemical and physical reaction, heterogeneous nucleation and crystallization during the interaction of these active species and particles with the substrate surface.
In our case, TiCl 4 and O 2 will be dissociated or ionized into active particles such as ions or radicals as they pass through the plasma zone by some inelastic collision generated by the high-energy electron or metastable Ar*.
Ar + e→Ar* + e O 2 + e→O·+ O·+e TiC1 4 + e→TiC1 3 ·+ Cl·+e O 2 +Ar*→O·+O·+ Ar TiC1 4 +Ar*→TiC1 3 ·+Cl·+Ar Because of the high density of the precursor, the above active particles will react with each other mainly through a three-body reaction. TiO 2 nanoparticles will be synthesized homogeneously in the plasma gas phase and TiO 2 films will be deposited heterogeneously on the substrate surface [16] . As displayed in Fig. 2, Fig. 3 and Fig. 4 , high-density anatase TiO 2 nuclei have been produced in the plasma gas phase. These anatase TiO 2 fine particles could serve as new crystalline nuclei when they flow through and adsorb on the substrate surface. Besides, the HRTEM analysis in Fig. 2 showed that the synthesized nanoparticle in plasma gas phase are highly uniform in size. This comes from the theory of charged nanoparticles (TCN) [25−27] . Nanoparticles immersed in plasma gas phase behave like any other electrically floating solid in plasma in a sense that it develops a negatively charge. So small particles can grow fast and the big particles can keep their size because of the electrostatic repulsion. When the crystalline film nucleates and grows based on these porous and loosely packed network composed of uniform anatase TiO 2 nanoparticles, 3D anatase TiO 2 film will be easily formed.
Through above discussion, it is confirmed that some fine anatase TiO 2 nanoparticles had been homogeneously formed and crystallized in the plasma gas phase. In the film deposition processes, the crystalline particles are absorbed on the substrate. Because of the TCN effect and the low diffusion coefficient at low gas temperature, a porous and loosely packed network composed of uniform anatase TiO 2 nanoparticles could be served as the crystalline nuclei for the new film. Therefore, the particles will grow and connect across with each other and construct a 3D anatase nanostructured film.
Conclusions
In conclusion, 3D anatase TiO 2 films were successfully fabricated by plasma enhanced chemical vapor deposition at atmosphere pressure and the gas phase nucleation process was investigated by SEM, HETEM, XRD and SADE. It is found that a homogeneous nucleation and crystallization happen in the plasma gas phase with a high power density and a low gas temperature. Anatase TiO 2 nanoparticles with uniform size of several nanometers and large porosity were formed. The film deposition process involved a heterogeneous nucleation and crystallization process based on these crystalline nanonuclei and the high density of other active species. The porous and loosely packed network composed of uniform anatase TiO 2 nanoparticles could be served as the crystalline nuclei for the new film formation. Therefore, the deposited film will grow and connect across with each other and a 3D anatase structured film is formed.
